Introduction {#s0001}
============

Paclitaxel (PTX) is one of the most useful and effective antineoplastic agents.[@cit0001] However, long-term use of PTX can induce the upregulation of P-glycoprotein (P-gp) or multidrug resistance-associated protein (MRP), which leads to PTX resistance.[@cit0002],[@cit0003] Flavokawain A (FKA) is a novel chalcone from kava plant which can induce G2/M arrest and inhibit invasion and metastasis in different tumor cells.[@cit0004],[@cit0005] In our previous study, FKA was found to significantly reduce the expression of P-gp in PTX-resistant lung cancer (A549/T) cells.[@cit0006] This result indicated that a combination of PTX and FKA might increase the sensitivity of lung cancer cells to PTX and improve the antitumor effects. However, due to the distinctive properties of PTX and FKA, the effective drug dosage and ratio at target tissues are difficult to control, which hampers the prediction of in vivo therapeutic efficacy from in vitro characterizations. An ideal delivery platform that normalizes the properties of PTX and FKA resulting in selective accumulation and controlled drug release at the target site is urgently required.

For combination therapy, many codelivery methods such as liposomes,[@cit0007],[@cit0008] micelles,[@cit0009]--[@cit0011] nanoparticles[@cit0012]--[@cit0016] and hydrogel[@cit0017],[@cit0018] have been developed. For instance, Johnson and colleagues reported an all-in-one star polymer nanoparticle generated by a ring-opening metathesis polymerization method; this method could load precise molar ratios of doxorubicin, camptothecin and cisplatin.[@cit0019] Our group has developed irinotecan/oxaliplatin coloaded liposomes, which achieved synchronized delivery and exhibited superior antitumor effects.[@cit0020] Despite this progress, most of these methods require a large quantity of materials and involve complicated processes.

Small molecule-based nanodrugs (SMNDs) are a type of self-carried nanodrugs which are comprised of pure drug or drug derivative with or without a small amount of stabilizer. For example, Paclical is composed of PTX and an equal mass of vitamin A analogue (XR-17) and was licensed by the Russian Federation to treat ovarian cancer in 2015. Meanwhile, our group also designed a series of SMND systems that exhibited excellent application potential.[@cit0021],[@cit0022] Furthermore, we reported the concept of complex SMNDs, in which 5-fluorouracil and vorinostat were conjugated to the same molecular chain to unify their physicochemical properties. These prodrugs could self-assemble into complex SMNDs with precise and tunable drug ratios for combination therapy.[@cit0022] However, this strategy is not applicable for drug molecules lacking suitable coupling sites or those unable to form amphiphilic conjugates.

To solve this problem, a novel combination methodology based on SMND was proposed in this study. Briefly, a novel amphiphilic small molecule called stabilizer, which is independent of lipids, was applied for coassembly with an insoluble drug to generate nanoparticles. Due to the strong intermolecular interaction between stabilizer and drug, a sophisticated process, chemical synthesis and large amounts of excipients were not required. The stabilizer should have an amphiphilic structure; the hydrophobic part interacts strongly with the hydrophobic drug, while the hydrophilic part sticks out and makes the particle dispersible. Utilizing the same stabilizer, different drugs were expected to form twin-like nanoparticles,[@cit0023] with similar size, size distribution and zeta potential, which is helpful for combination therapy. Sodium aescinate (Aes) has been approved by the National Medical Products Administration (NMPA) to relieve tissue edema, recover vasopermeability, and eliminate pressure caused by edema.[@cit0024] Recent studies have shown that Aes has an inhibitory effect against different tumors.[@cit0025]--[@cit0027] More importantly, based on our experience in designing self-assembled small molecules,[@cit0021],[@cit0022] Aes acts as a stabilizer since it is amphiphilic.

Herein, Aes-stabilized, twin-like PTX-A nanoparticles (NPs) and FKA-A NPs were prepared through precipitation. Extensive biophysical and biological characterizations were conducted, including evaluating the self-assembly mechanism, release profile, cellular uptake, cytotoxicity, synergistic effect, apoptotic induction and cell cycle blocking, tumor accumulation, anti-tumor efficacy and P-gp expression. The developed Aes-stabilized, polymer-free, twin-like nanoparticles exhibited several striking characteristics ([Scheme 1](#sch0001){ref-type="fig"}): 1) easy preparation without any synthesis or sophisticated processes; 2) clinically translatable, since clinically used amphiphilic drugs were used to fabricate nanoparticles; 3) similar particle size, size distribution, zeta potential, good stability and ultrahigh drug loadings of up to 50%; 4) reversal of PTX resistance and significant suppression of tumor growth in A549/T homograft mice at a low PTX dosage (2.5 mg·kg−[@cit0001]). This SMND platform provides a new channel for combination chemotherapy and clinical translation.Scheme 1Synergistic combination of sodium aescinate stabilized polymer-free twin-like nanoparticles to reverse paclitaxel resistance. (**A**) Aes was utilized to stabilize hydrophobic PTX and FKA to form polymer-free twin-like PTX-A NPs and FKA-A NPs. (**B**) With the aid of Aes, these two drugs could accumulate in tumor tissue via passive targeting and be efficiently taken up by PTX-resistant lung cancer (A549/T) cells, synergistic effects and reversed PTX resistance were achieved by combination of PTX-A NPs and FKA-A NPs via inhibiting P-gp expression in tumor cells.

Materials and Methods {#s0002}
=====================

Materials {#s0002-s2001}
---------

PTX and FKA were purchased from Sigma (St. Louis, MO, USA). Sodium aescinate (Aes) (≥98%) was purchased from Meilunbio^®^ (Dalian, China). Monoclonal rabbit anti-human P-gp (cat. no. 13978) was purchased from Cell Signaling Technology (MA, USA). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies (Kumamoto, Japan). Annexin V‑fluorescein isothiocyanate/propidium iodide Apoptosis Detection Kit was purchased from BD Biosciences (Franklin Lakes, NJ, USA). The cell cycle detection kit was purchased from Sigma (St. Louis, MO, USA). Dialysis membranes (MWCO 1000) were obtained from the Shanghai Medical Chemical Reagent Co., Ltd. (Shanghai, China). Phosphate buffer and 0.25% trypsin were purchased from Gibco, Invitrogen Corp (Ontario, USA).

Cell Culture {#s0002-s2002}
------------

PTX-resistant human lung adenocarcinoma cells A549 (A549/T) cells were kindly gifted by the Central Research Laboratory of the Second Hospital of Shandong University (Jinan, China) and approved by the Animal Ethics Committee of the Second Hospital of Shandong University (Permit Number: KYLL-2017(LW)A-009). Cells were cultured in RPMI-1640 (HyClone; GE Healthcare Life Sciences) containing 10% (v/v) fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), penicillin-streptomycin (100 U·mL^−1^) and 2 mM glutamine. The cells were cultured at 37°C in an incubator with 5% CO~2~. The A549/T cells were maintained in medium with 3 nM PTX to maintain PTX resistance in this cell line. Before the experiment, cells were cultured in drug-free medium for ≥2 weeks.

PTX-A NPs and FKA-A NPs Preparation & Characterization {#s0002-s2003}
------------------------------------------------------

PTX-A NPs and FKA-A NPs were prepared by the nanoprecipitation method.[@cit0022] In brief, different mass ratios of PTX/Aes or FKA/Aes were dissolved in DMSO. Then, 100 μL DMSO solution of PTX/Aes or FKA/Aes at different mass ratio was added dropwise to 1000 μL ddH~2~O under mechanical stirring. The organic solvent was removed dialysis method (MWCO 1000). Zeta sizer Nano ZS90 (Malvern Instruments, Malvern, UK) was used to analyze the mean particle size and ζ-potential. Transmission electron microscopy (JEM-1200EX, JEOL, Tokyo, Japan) was adopted to observe the morphology of nanoparticles. The best mass ratio of PTX-A NPs and FKA-A NPs was determined by prescription screening.

X-Ray Diffraction Study {#s0002-s2004}
-----------------------

X-ray diffraction diagrams of PTX-A NPs and FKA-A NPs were collected with an X-ray diffractometer (D8 advance, Bruker Co. Ltd, Karlsruhe, Germany). The instrument was operated with a scanning range of 2 θ from the initial angle 10° to the final angle of 60°.

The Ultraviolet-Visible (UV) Absorption Study {#s0002-s2005}
---------------------------------------------

The UV absorption spectra of PTX-A NPs, PTX, Aes and PTX/Aes mixture solutions (eq. 10 μg·kg^−1^ PTX) were measured by UV spectrophotometry (u-2910, HITACHI, Japan) with a scanning range from 200 nm to 500 nm. The ultraviolet-visible (UV) absorption study of FKA-A NPs was conducted with the same method (eq.10 μg·kg^−1^ FKA).

Plasma Stability of PTX-A NPs and FKA-A NPs {#s0002-s2006}
-------------------------------------------

The stability of PTX-A NPs and FKA-A NPs was evaluated in terms of particle size change in different media. The same volume of RPMI 1640 or 20% plasma were added into an equal volume of PTX-A NPs and FKA-A NPs, respectively ([[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul}). It was followed by incubation in a water bath oscillation at 37 ± 0.5°C. The change in particle size and PDI with different media was recorded for 24 h. The preparation of plasma was approved by the Animal Ethics Committee of the Second Hospital of Shandong University (Permit Number: KYLL-2017(LW)A-009).

In vitro Release Assay {#s0002-s2007}
----------------------

The in vitro release of PTX and FKA from respective nanoformulations was conducted with the dialysis bag diffusion method (pH 7.4, 37°C) and evaluated by high-performance liquid chromatography (HPLC). At timed intervals, 0.2 mL solution was withdrawn, 1:1 diluted with methanol and subjected to HPLC analysis to quantify the PTX or FKA content. The release experiments were performed in triplicate, and the results were expressed as the mean ± SD.

Molecular Dynamic (MD) Simulations {#s0002-s2008}
----------------------------------

The full-atomistic classical MD simulation for Aes, FKA and PTX molecules with mixed molar ratios of Aes: FKA=5:17 and Aes: PTX=6:8 were performed with the GROMACS[@cit0028]--[@cit0033] software package version 2018.3. The bonding and nonbonding parameters for the atoms in Aes, FKA and PTX molecules were taken from the Generalized Amber Forcefield[@cit0034] (GAFF). The charges of Aes, FKA and PTX molecules were obtained using the restrained electrostatic potential (RESP)[@cit0035] method with the aid of the MultiWFN[@cit0036] package version 3.6 from DFT (at PBE0/def2-SVP level[@cit0037] with the SMD model[@cit0038] of water considered) optimized structures of Aes, FKA and PTX molecules with their lowest energy conformation ([[Figures S2--S3](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul}) determined from the conformation search run, as well as respective DFT electron densities of these molecules.

The initial structures of the Aes: FKA=5:17 system were prepared by randomly placing 10 Aes molecules and 34 FKA molecules in a simulation box of 1×1×1nm^3^. Similarly, 10 Aes molecules and 14 PTX molecules were randomly inserted into a simulation box with same size to form the Aes: PTX=6:8 system. After inserting the amphiphilic molecules into their simulation boxes, the boxes were filled with water molecules. Then, 10 Na^+^ ions were added to each simulation box to balance the negative charge in the Aes molecules.

The MD trajectories obtained in the final production run were subsequently analyzed using the VMD package[@cit0039] version 1.9.4. The MD trajectories were output with a time interval of 1 ps. The root mean squared displacement (RMSD) of the molecules was calculated to assess the convergence of the MD simulations.

In vitro Cellular Uptake Study {#s0002-s2009}
------------------------------

Coumarin 6 (C6) was used to trace the in vitro cellular uptake of nanoparticles. C6-A NPs was prepared by the same method used for PTX-A NPs (weight ratio, 1:1). A549/T cells were seeded in a 12-well plate at 1.0×10^5^ cells/well and incubated overnight. Then, cells were incubated with free C6 and C6-A NPs for 1 h, 2 h and 4 h at 37°C and washed three times with cold PBS (pH 7.4). Cellular uptake was observed using an inverted fluorescence microscope (BX40, Olympus, Japan). Thereafter, cells were harvested by trypsinization and washed three times with cold PBS. The cell-associated fluorescence was quantitatively determined by FACS Calibur flow cytometry (BD Biosciences, USA). Data collection involved 10,000 counts per sample, and only viable cells were gated for fluorescence analysis. All experiments were performed in triplicate.

In vitro Cytotoxicity & Synergistic Effect Assay {#s0002-s2010}
------------------------------------------------

In vitro cytotoxicity assays of PTX-A NPs, FKA-A NPs, and PTX-A NPs +FKA-A NPs were performed in A549/T cells. Brieﬂy, cells were cultured in a 96-well plate (5000 cells per well) in RPMI-1640 medium with 10% fetal bovine serum at 37°C. After 12 h, cells were treated with varied concentrations of different formulations for 72 h. Inhibition of cell proliferation was evaluated with the CCK-8 assay. Absorbance was measured at 450 nm using a microplate reader. The synergistic effect was assessed by the combination index (CI) assay. CI values were calculated from the Chou-Talalay equation:[@cit0022] $$\documentclass[12pt]{minimal}
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where D~1~ and D~2~ are the doses of drug 1 and 2 that in combination produce the speciﬁed effect (eg, IC~50~). D~m1~ or D~m2~ is the dose of drug 1 or 2 alone required to achieve the same effect. CI\>1, =1 or \<1 denotes antagonism, additivity and synergism, respectively.

Apoptosis and Cell Cycle Distribution Assay {#s0002-s2011}
-------------------------------------------

Following treatment with 0.1% DMSO, 10 μM Aes, 10 μM PTX+FKA solution, and 10 μM PTX-A NPs+10 μM FKA-A NPs for 24 h at 37°C, A549/T cells were digested and centrifugalized at 1000 r·min^−1^ for 5 min at 4°C. Then, the cells were harvested, washed twice with cold PBS, resuspended in 400 μL Annexin V binding buffer, and stained with Annexin V-FITC/PI for 20 min at 2--8°C in the dark. Fluorescence was quantified by flow cytometry (FACSCalibur™; BD Biosciences), and the data were analyzed by WinMDI Software 2.8 (Purdue University Cytometry Laboratories, West Lafayette, IN, USA).

For the cell cycle distribution assay, A549/T cells at 70% to 80% confluency were treated with 0.1% DMSO, 10 μM Aes, 10 μM PTX+10 μM FKA solution, and 10 μM PTX-A NPs + 10 μM FKA-A NPs for 24 h. Then, cells were fixed in ice-cold 70% ethanol overnight. After incubation with RNase (Invitrogen, CA, USA) and propidium iodide (PI, Sigma-Aldrich), cell cycle analysis was performed by flow cytometry (Becton Dickinson, NJ, USA). The percentage of cells in the S, G0-G1, and G2-M phases of the cell cycle was determined.

In vivo Antitumor Activity Assay {#s0002-s2012}
--------------------------------

All animal experiments were performed in accordance with protocols approved by the Animal Ethics Committee of the Second Hospital of Shandong University (Permit Number: KYLL-2017(LW)A-009). A549/T cells (1 × 10^7^) in 0.1 mL of physiological saline were injected subcutaneously into the flanks of 6-week-old female BALB/c nude mice (Vital River Laboratories, Beijing, China). When the tumors reached approximately 100 mm^3^, mice were randomly divided into six groups: control (0.9% saline), PTX (5.0 mg·kg^−1^ PTX solution), FKA (5.0 mg·kg^−1^ FKA solution), PTX-A NPs (eq. 5.0 mg·kg^−1^ PTX), FKA-A NPs (eq. 5 mg·kg^−1^ FKA) and PTX-A NPs + FKA-A NPs (eq. 2.5 mg·kg^−1^ PTX and 2.5 mg·kg^−1^ FKA). Mice in each group were intravenously administered different treatments on days 0, 2, 4, 6, 8, 10 and 12 for a total of seven injections. The width and length of tumors, as well as the body weight of each mouse, were measured on days 0, 2, 4, 6, 8, 10, 12 and 14. The tumor volumes were calculated using the formula: V=Width^2^ x 1/2 Length. At the end of the experiment, all mice were euthanized. Tumors were separated, weighed and photographed.

Immunohistochemistry Analysis {#s0002-s2013}
-----------------------------

Tumor sections obtained from A549/T tumor-bearing mice with different therapies (0.9% saline, PTX, FKA, PTX-A NPs, FKA-A NPs, and PTX-A NPs + FKA-A NPs) were fixed in 4% polyformaldehyde and embedded in paraffin. Paraffin-embedded tissue blocks were cut to 4 mm sections and dehydrated in xylene and graded alcohol. After antigen retrieval, 3% hydrogen peroxide was incubated with the slides for 30 min to inactivate endogenous peroxidase. Then, the slides were blocked with goat serum to reduce nonspecific binding, incubated with diluted P-gp antibody (1:200, Cell Signaling Technology) at 4 °C overnight, and then incubated with peroxidase-conjugated secondary antibody for 1 h. Diaminobenzidine (DAB) substrate and hematoxylin were used for detection and counterstaining, respectively. All slides were reviewed under a microscope (Nikon, Ti-U).

In vivo Biodistribution {#s0002-s2014}
-----------------------

For evaluating the in vivo biodistribution of PTX-A NPs and FKA-A NPs in tumor-bearing mice, the near-infrared fluorescence (NIRF) dye DiR was applied, and DiR-loaded NPs were prepared as described previously.[@cit0022] Mice were randomly grouped into DiR solution and DiR-loaded NP groups (3 mice/group); then, the mice were injected intravenously with different DiR formulation (0.5 mg·kg^−1^). The NIRF images of mice were taken with a real-time NIRF imaging system (Xenogen IVIS Lumina; Caliper Life Sciences, MA, USA) at 0, 1, 2, 4, 8, and 24 h postinjection. Then, mice were sacriﬁced, and organs (heart, liver, spleen, lung and kidney) as well as tumors were excised for ex vivo ﬂuorescence imaging.

Statistical Analysis {#s0002-s2015}
--------------------

The data are presented as the mean ± standard deviation of at least three independent experiments and were analyzed by GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). The statistical significance of the mean difference between the control and treated groups was evaluated with two-tailed Student's t-tests. Multiple group comparisons were performed with a one-way analysis of variance, followed by Dunnett's multiple comparison test. \*Indicates *p*\< 0.05, \*\*Indicates *p*\< 0.01, \*\*\*Indicates *p*\< 0.001.

Results and Discussion {#s0003}
======================

Preparation and Characterization of Nanoparticles {#s0003-s2001}
-------------------------------------------------

PTX and FKA have poor solubility in water. Thus, DMSO solutions were prepared, which induced precipitation when diluted in PBS. However, when amphiphilic Aes was added into their respective DMSO solutions, Aes coassembled with PTX or FKA and formed spherical PTX-A NPs or FKA-A NPs with particle sizes approximately 200 nm. Our previous study indicated that the ratio of Aes to PTX or FKA was crucial for forming coassembled nanoparticles. Thus, various weight ratios of PTX or FKA/Aes (20:2.5, 20:5, 20:10, 20:20, 10:20, 5:20, 2.5:20) were tested to optimize the experimental conditions ([Figure 1A](#f0001){ref-type="fig"}). When the ratio of PTX/Aes was below 20:20, the resulting solutions precipitated in 24 h. A similar phenomenon was observed in FKA-A NPs. When the Aes ratio was below 25%, they could not coassemble into nanoparticles. By varying the mass ratio of PTX/Aes from 20:20 to 2.5:20, spherical PTX-A NPs were formed with a hydrodynamic diameter ranging from 148.9 nm to 242.6 nm. When the ratio of FKA to Aes changed from 20:20 to 2.5:20, the size of FKA-A NPs increased from 113.6 nm to 329.1 nm. Therefore, an optimized ratio of 20:20 was chosen for both groups to achieve spherically assembled particles, small particle size and suitable polydispersity index (PDI) ([Figure 1A](#f0001){ref-type="fig"}--[C](#f0001){ref-type="fig"}). FKA-A NPs and PTX-A NPs were designed to be administered and diluted intravenously. The dilution stability is shown in [Figure 2A](#f0002){ref-type="fig"} and [C](#f0002){ref-type="fig"}. The particle size remained almost unchanged when they were diluted to 0.125 mg·mL^−1^. Additionally, the zeta potentials of PTX-A NPs and FKA-A NPs in aqueous solution were negative (about −30 mV) ([Figure 2B](#f0002){ref-type="fig"} and [D](#f0002){ref-type="fig"}), which was beneficial for their stability due to electrostatic repulsion. Furthermore, at this optimal ratio, the encapsulation efficiency (EE) of FKA and PTX was \>95%, as determined by HPLC. Therefore, these optimized formulations with similar nanoscale size, size distribution, zeta potential and drug loading (close to 50%) were selected for the following in vitro and in vivo experiments.Figure 1(**A**) Characterizations of PTX-A NPs with different ratio of PTX to Aes and FKA-A NPs with different ratio of FKA to Aes. (**B** and **C**) TEM images and appearance of the optimized nanoparticles. "--" represented that the resulting solutions formed precipitation within 24 h.Figure 2(**A**) DLS curves at different concentrations and (**B**) zeta potential of optimized PTX-A NPs. (**C**) DLS curves at different concentrations and (**D**) zeta potential of optimized FKA-A NPs.

X-Ray Diffraction of PTX-A NPs and FKA-A NPs {#s0003-s2002}
--------------------------------------------

The X-ray diffraction results for PTX, FKA, Aes, PTX-A NPs, and FKA-A NPs are shown in [Figure 3A](#f0003){ref-type="fig"}--[E](#f0003){ref-type="fig"}. The diffraction pattern of PTX showed several distinct sharp peaks at 12.6°, 18.1°, 20.1°, 22.2° and 25.4°. Similarly, the diffraction pattern of FKA showed several distinct sharp peaks at 12.5°, 19.8°, 23.2°, and 27.4°. Conversely, Aes has no sharp peaks. However, these peaks disappeared in PTX-A NPs and FKA-A NPs, which indicated that PTX and FKA were dispersed randomly, coassembled with Aes, and distributed in an amorphous state.[@cit0040]Figure 3X-ray diffraction diagrams of PTX (**A**), FKA (**B**), Aes (**C**), PTX-A NPs (**D**) and FKA-A NPs (**E**).

The UV Absorption of PTX-A NPs and FKA-A NPs {#s0003-s2003}
--------------------------------------------

The UV spectra of PTX, FKA, Aes as well as their nanoformulations and solutions are shown in [Figure 4A](#f0004){ref-type="fig"}--[D](#f0004){ref-type="fig"}. PTX had maximum absorption at 228 nm, while FKA had maximum absorption at 367 nm. Aes showed no UV absorption, and Aes did not influence the UV absorption of PTX in PTX/Aes solution and FKA in FKA/Aes solution. Once PTX and Aes coassembled into nanoparticles, the curve shape changed greatly, and the maximum absorption at 228 nm disappeared ([Figure 4A](#f0004){ref-type="fig"}). When FKA and Aes coassembled into nanoparticles, the maximum absorption of FKA redshifted from 367 nm to 375 nm ([Figure 4C](#f0004){ref-type="fig"}). Additionally, the UV spectra of PTX, FKA and their mixture with Aes in different solvents were also tested. As shown in [Figure 4B](#f0004){ref-type="fig"} and [D](#f0004){ref-type="fig"}, the maximum absorption wavelength of PTX in H~2~O/CH~3~OH (v/v, 3/2) showed a slight redshift from 228 nm to 229 nm, while the maximum absorption wavelength of FKA in H~2~O/CH~3~OH (v/v, 3/2) did not change. This suggests that the water in nanoformulations made little contribution to the spectral transformation. These results indicate that PTX-A NPs and FKA-A NPs were prepared via heterogeneous molecular--molecular interactions.Figure 4(**A**) The UV spectrum of PTX, PTX-A NPs, Aes and PTX/Aes solution. (**B**) The UV spectrum of PTX, Aes and PTX/Aes in different solvent. (**C**) The UV spectrum of FKA, FKA-A NPs, Aes and FKA/Aes solution. (**D**) The UV spectrum of FKA, Aes and FKA/Aes in different solvent.

Stability of PTX-A NPs and FKA-A NPs {#s0003-s2004}
------------------------------------

Particle size and PDI changes of nanoparticles under simulated physiological conditions were evaluated for 24 h.[@cit0041] As shown in [[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul}, particle size and PDI of PTX-A NPs and FKA-A NPs showed almost negligible changes after incubation in RPMI 1640 and 20% plasma for 24 h, indicating the satisfactory stability of PTX-A NPs and FKA-A NPs in these two media. This would be conducive to exerting the enhanced permeation and retention effect during the circulation of nanoparticles in the body.

In vitro Release {#s0003-s2005}
----------------

The release profile of PTX or FKA from nanoparticles was studied. Both PTX-A NPs and FKA-A NPs exhibited prolonged and slower drug release than their solutions. After 48 h, only 48.8% of encapsulated PTX was released from PTX-A NPs. After 72 h, only 57.9% of PTX was released from the nanoparticles. This compared favorably to its solution, in which 78.0% and 86.0% of PTX was released after 48 h and 72 h, respectively ([Figure 5A](#f0005){ref-type="fig"}). By contrast, FKA released much slower from FKA-A NPs, with no more than 30% of FKA released at 72 h ([Figure 5B](#f0005){ref-type="fig"}). The slow release might be due to the strong interaction within nanoparticles. This may facilitate the PTX and FKA delivery by minimizing their premature release from PTX-A NPs and FKA-A NPs before reaching the tumor site.Figure 5In vitro release behavior of PTX-A NPs (**A**) and FKA-A NPs (**B**).

MD Simulations {#s0003-s2006}
--------------

To explore how molecules interact with each other in aqueous solution, MD simulations were performed. The self-assembly processes of the FKA-A NPs (molar ratio, Aes: FKA = 5:17) are shown in [Figure 6A](#f0006){ref-type="fig"}, and the final structure of the FKA-A NPs is shown in [Figure 6C](#f0006){ref-type="fig"}. The overall RMSD suggests excellent convergence of the MD simulations. Aes and FKA tended to aggregate as early as 5 ns, with notable aggregation of FKA that was surrounded by Aes. Three larger aggregates were observed at 10 ns, followed by further growth through 20 ns. Single particles formed after 40 ns, and there were much smaller structural fluctuations afterwards. The particles had closely packed ellipsoidal to spherical shape with FKA aggregating in the central part, while Aes was located at the surface of the nanoparticle, suggesting Aes acts as a surfactant. In contrast, PTX and Aes tended to aggregate later than FKA and Aes, as suggested in [Figure 6B](#f0006){ref-type="fig"}. Notable aggregation was observed after 10 ns, and the formation of individual particles was detected after 60 ns. The aggregation process agreed with the RMSD curve, which also showed a dramatic reduction in the fluctuation magnitude after 60 ns. Interestingly, spherical disc-like structures were formed in PTX-A NPs (mole ratio, Aes: PTX = 6:8) ([Figure 6D](#f0006){ref-type="fig"}) with intertwined Aes and PTX molecules. Additionally, the more hydrophilic part of Aes was located towards the outer part of the nanoparticle.Figure 6(**A**) The self-assembly process of FKA-A NPs from 0 to 100 ns. Aes was colored in blue with hydrophilic part represented by lime isosurfaces. FKA was colored in yellow. (**B**) The self-assembly process of PTX-A NPs from 0 to 100 ns. Aes was colored in blue with hydrophilic part represented by lime isosurfaces and PTX were colored in yellow. The time evolution of the overall RMSD of the FKA and Aes as well as PTX and Aes were also provided. (**C**) Structure of the self-assembled FKA-A NPs at 100 ns. (**D**) Structure of the self-assembled PTX-A NPs at 100 ns.

Both nanoparticles were amorphously formed. We further confirmed this observation by calculating the average radial distribution function (RDF) for the FKA or PTX molecules in these systems. As shown in [[Figure S5](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul}, disordered features were observed, suggesting that no specific type of intermolecular interaction governed the formation of the two nanoparticles. However, the electrostatic potential (ESP) distributions in [[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul} indicated preference of π-π interaction between FKA, which was the strongest driving force thus leading to a sharper peak. However, the central part of PTX had abundant hydroxyl groups ([[Figure S4](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul}) which induced the formation of intertwined structure and hydrogen bonds with the hydrophilic part of Aes. These MD simulations were consistent with the above data and strongly supported our hypothesis that a suitable stabilizer was able to coassemble with insoluble drug into nanoparticles. Moreover, these results could also explain why both nanoparticles showed slow drug release profiles.

The in vitro Cellular Uptake Studies {#s0003-s2007}
------------------------------------

The in vitro cellular uptake of C6-A NPs was studied in A549/T cells after 1 h, 2 h and 4 h of incubation by fluorescence microscopy. The microscopy images ([Figure 7A](#f0007){ref-type="fig"}) showed that free C6 or C6-A NPs were internalized by A549/T cells in a time-dependent manner. Compared with free C6, A549/T cell uptake of C6-loaded NPs was more efficient. The cellular uptake was qualitatively measured using flow cytometric analysis. As shown in [Figure 7B](#f0007){ref-type="fig"}, the mean fluorescence intensity (MFI) of C6-A NPs and free C6 in A549/T cells increased in a time-dependent manner. However, at each time point, the MFI of cells treated with C6-A NPs was significantly (*p*\<0.001) higher than that of cells treated with free C6 ([Figure 7C](#f0007){ref-type="fig"}). These results demonstrated that Aes-stabilized nanoparticles are efficiently taken up by A549/T cells.Figure 7(**A**) Representative fluorescence microscope images of cellular uptake of C6-A NPs in A549/T cells at different times. (**B**) Fluorescence spectra of cellular uptake of C6-A NPs in A549/T cells. (**C**) Internalization rates of C6-A NPs analyzed by flow cytometry. \*\*\**p*\<0.001 vs free C6 (n = 3). (**D**) Cytotoxicity of FKA, PTX, FKA+PTX in A549/T cells. (**E**) Cytotoxicity of PTX-A NPs, FKA-A NPs and PTX-A NPs + FKA-A NPs in A549/T cells.

PTX-A NPs + FKA-A NPs Exhibited Synergistic Effects in Inhibiting Cells Viability, Promoting Cell Apoptosis and Triggering Cell Cycle Arrest in A549/T Cells {#s0003-s2008}
------------------------------------------------------------------------------------------------------------------------------------------------------------

As an initial screening approach, a cell viability assay was carried out to identify the inhibitory effect of different treatments on A549/T cells. As shown in [Figure 7D](#f0007){ref-type="fig"}, A549/T cells were not sensitive to PTX or FKA, and their IC~50~ values in A549/T cells were 92.11 μM and 58.55 μM, respectively. However, PTX and FKA co-administration inhibited A549/T cells in a dose-dependent manner, with a marginally lower IC~50~ (9.56 μM, *p*\<0.01, vs PTX group). On the other side, as shown in [Figure 7E](#f0007){ref-type="fig"}, PTX-A NPs alone and FKA-A NPs alone inhibited A549/T cells growth with IC~50~ values of 28.90 μM and 34.38 μM, respectively. The IC~50~ of PTX-A NPs + FKA-A NPs decreased to 13.68 μM (*p*\<0.05, vs PTX-A NPs). The CI index for the synergistic effect was calculated by the Chou-Talalay method, and the CI value at IC~50~ was 0.95. These data demonstrated that PTX-A NPs + FKA-A NPs synergistically inhibited A549/T cells.

Compared with the PTX+FKA solution group, PTX-A NPs combined with FKA-A NPs did not show higher anti-proliferative activity in A549/T cells. It is possible that free drug readily penetrates cells, while cellular uptake of nanoparticles is limited by endocytosis and there is a time lag for the same amount of free drug to be released from nanoparticles incubated with live cells. The altered cellular pharmacokinetics obviate the comparison of cytotoxicity effect between free drug and its nanoparticles.

Flow cytometry was used to analyze apoptosis in A549/T cells exposed to PTX-A NPs combined with FKA-A NPs. As shown in [Figure 8A](#f0008){ref-type="fig"}, PTX-A NPs + FKA-A NPs caused a significant increase in the fraction of apoptotic cells, with approximately 30.02±1.12% apoptotic cells after treatment (*p*\<0.05, vs control). The effect of PTX-A NPs combined with FKA-A NPs on cell cycle progression was also measured. Treatment with PTX-A NPs + FKA-A NPs caused a significant accumulation of cells in G2/M phase and a corresponding decrease in S and G0/G1 phase fractions compared with vehicle control in A549/T cells ([Figure 8B](#f0008){ref-type="fig"}). Specifically, PTX-A NPs + FKA-A NPs resulted in 41.52±1.78% of A549/T cells in the G2/M phase compared to 7.12±0.62% in vehicle control cells (*p*\<0.05). Compared with free drug combination, PTX-A NPs + FKA-A NPs possessed similar activities in promoting apoptosis and triggering cell cycle arrest, suggesting that their nanoformulations do not affect the anti-cancer activity of free drug.Figure 8(**A**) Flow cytometry analysis for apoptosis of A549/T cells induced by Aes, PTX+FKA and PTX-A NPs + FKA-A NPs. \**p* \<0.05 vs control, (n = 3). (**B**) Cell cycle distribution histograms of A549/T treated with Aes, PTX+FKA and PTX-A NPs + FKA-A NPs. \**p* \<0.05 vs control, (n = 3).

PTX-A NPs + FKA-A NPs Led to Synergistic Inhibition in a Mouse Xenograft Model {#s0003-s2009}
------------------------------------------------------------------------------

The antitumor efﬁciency of PTX-A NPs + FKA-A NPs was further elucidated in vivo. As shown in [Figure 9A](#f0009){ref-type="fig"}--[D](#f0009){ref-type="fig"}, PTX-A NPs + FKA-A NPs significantly reduced average tumor volume (*p*\<0.01) at a much lower PTX dosage (2.5 mg·kg^−1^), while the average volume ([[Figure S6](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul}) and weight of the A549/T tumor treated with PTX (5.0 mg·kg^−1^) or FKA were not signiﬁcantly changed compared to the control. Compared with PTX-A NPs (eq. 5.0 mg·kg^−1^ PTX) alone or FKA-A NPs alone, a remarkable volume and weight reduction in the PTX-A NPs + FKA-A NPs group was also observed (*p*\<0.05). Additionally, the initial and final body weights of tumor-bearing mice after PTX-A NPs + FKA-A NPs treatment were not significantly different from those of the other groups.Figure 9Combination of PTX-A NPs and FKA-A NPs exhibited potent antitumor activity in PTX-resistant homograft mice. (**A-B**) Antitumor activities in A549/T bearing female BALB/c mice. The red arrow represents the location of the tumor. \**p* \< 0.05 vs PTX-A NPs or FKA-A NPs, \*\**p* \< 0.01 vs control group (n = 5). (**C**) Changes of mouse body weight over the experiment. (**D**) Average tumor mass isolated from the mice of each experimental group. \*\**p* \< 0.01, \**p* \< 0.05 (n = 5). (**E**) Immunohistochemical analysis of tumor tissues treated with various treatments. Tumor sections were evaluated for P-gp expression using an rabbit anti-human P-gp antibody (magniﬁcation ×400). (**F**) P-gp-positive rates in the six groups, \*\**p* \< 0.01, \**p* \< 0.05 (n = 4).

In this study, the dose of PTX in the PTX-A NPs group and the PTX-A NPs + FKA-A NPs group were 5.0 mg·kg^−1^ and 2.5 mg·kg^−1^, respectively, and this dose is lower than that commonly used in the clinic and reported in the literature (10.0 mg·kg^−1^).[@cit0042] Therefore, to control the tumor growth in mice bearing PTX-resistant lung cancer, we increased the number of treatments to seven injections, which is consistent with the number of injections in the previous report.[@cit0043] P-gp expression in tumor tissue was investigated by immunohistochemistry. As shown in [Figure 9E](#f0009){ref-type="fig"}, P-gp expression was high in the control group but low in the FKA group, indicating the suppression of P-gp by FKA in vivo. PTX-A NPs + FKA-A NPs treatment significantly reduced P-gp expression (*p*\<0.01, vs control, *p*\<0.05, vs PTX or PTX-A NPs) ([Figure 9F](#f0009){ref-type="fig"}). These results suggested that PTX-A NPs + FKA-A NPs potently inhibit the growth of PTX-resistant cancer by inhibiting the expression of P-gp.

Chemotherapy resistance is the main limiter of cancer drug treatment effectiveness. Molecular mechanisms that drive chemotherapy resistance are complicated and include insufficient intratumoral drug accumulation, reduced target accessibility, activation of DNA repair pathways and inactivation of apoptosis pathways. The most widely encountered and investigated resistance mechanism is the reduction of intracellular drug concentration by targeted efﬂux. This is mainly the result of elevated expression of ATP-binding cassette (ABC) transporters, such as P-gp, MRP1 and BCRP. PTX is known to induce P-gp expression in tumor cells, leading to drug resistance. Some inhibitors of drug‑efflux pumps have been reported,[@cit0044] but no potential modulators are currently licensed for clinical application. One obvious challenge arises from their toxicity in normal tissue due to the wide distribution of P-gp and its role in protecting normal cells and tissue. In our previous study, FKA was found to inhibit the protein expression of P-gp in PTX-resistant A549 cells. Hence, further exploration of a delivery system to reduce the exposure of FKA and PTX to normal tissue was necessary.

The real-time imaging of DiR-loaded NPs in tumor-bearing mice was conducted for 24 h. According to [[Figure S7](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul}, the fluorescence signal of DiR solutions gradually accumulated in the liver, illustrating that DiR solutions are largely metabolized by the liver.[@cit0022] For the DiR solution-treated groups, there was little fluorescence signal at the tumor site at any time point. However, the fluorescence signal of DiR-loaded NPs at the tumor site was obvious at 4 h, and the signal in the tumor maintained high intensity up to 24 h greater than that of DiR solutions. As shown in [[Figure S8](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul}, the accumulation of nanoparticles in tumor tissue was time-dependent, which was consistent with the result of [[Figure S7](https://www.dovepress.com/get_supplementary_file.php?f=259432.docx)]{.ul}. Twenty-four hours after injection, DiR-loaded NPs had little aggregation in the heart and kidney. However, DiR-loaded NPs still accumulated to some extent in organs of liver, spleen and lung. That is because DiR-loaded NPs could be taken up by macrophages of reticuloendothelial system (RES), which are mainly concentrated in the above organs.[@cit0045],[@cit0046] Altogether, these results demonstrated that our nanoparticles passively targeted the tumor site.

Conclusion {#s0004}
==========

In this study, the NMPA-approved stabilizer Aes was chosen to prepare polymer-free nanoparticles with a facile route without any synthesis or sophisticated processes. The twin-like PTX-A NPs and FKA-A NPs prepared by simple nanoprecipitation possessed similar particle size, size distribution, zeta potential, and ultrahigh drug loadings of up to 50%. Their self-assembled mechanisms were validated through X-ray diffraction, UV absorption, and MD simulations. With the aid of Aes, these two drugs accumulated in tumor tissue via passive targeting were efficiently taken up by A549/T cells, and reduced P-gp expression. These advantages resulted in synergistic inhibition of PTX-resistant tumor growth. This SMND platform provides an efficient method for combination chemotherapy. In future studies, we will optimize the ratio between PTX-A NPs and FKA-A NPs for better synergistic actions and clinical translation.
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